Background and Purpose-Microstructural damage in the brain induced by chronic ischemia is suggested to play a pivotal role in the neurocognitive dysfunction of adults with Moyamoya disease (MMD). We investigated specific changes in the brain microstructure and their correlations with neurocognitive dysfunction in patients with MMD using a multishell diffusion magnetic resonance imaging technique called neurite orientation dispersion and density imaging. Methods-We evaluated 26 patients with MMD (16-63 years old, 20 females) and 20 age-and sex-matched normal volunteers using neurite orientation dispersion and density imaging and neuropsychological batteries. Neurite orientation dispersion and density imaging calculates 2 parameters: the intracellular volume fraction (Vic), which reflects the axon density in the white matter and dendrite density in the cortex, and the orientation dispersion index (OD), which reflects the network complexity. The microstructural damage and its correlation with neurocognitive performance were evaluated by performing a whole-brain analysis using SPM12 and correlation analysis with regional values. Results-Patients with MMD had significantly lower Vic in the white matter and a lower OD mainly in the cortex than those of the controls (P<0.001, family-wise error corrected). Of all neuropsychological scores, Processing Speed Index (PS) exhibited the strongest correlation with Vic in the white matter (P<0.001, family-wise error corrected). The Vic and OD values for regions with group differences, including both temporoparietal and frontal areas, correlated with neurocognitive performance (absolute r=0.37-0.64; P<0.01). Conclusions-Chronic ischemia in MMD may decrease the axon density in the white matter and dendrite density in the cortex (Vic) and simplify network complexity (OD), leading to neurocognitive dysfunction. Processing Speed Index may be the most sensitive index used to evaluate the ischemic burden, and the posterior part of the brain may play an important role in neurocognitive function.
M oyamoya disease (MMD) is a progressive, occlusive cerebrovascular disease affecting the arteries of the circle of the Willis. 1 Patients with MMD often show neurocognitive dysfunction 2 without significant brain damage on conventional magnetic resonance imaging (MRI). According to the diffusion MRI studies, microstructural damage may play a pivotal role in the neurocognitive dysfunction of adult MMD patients. 3 However, conventional diffusion MRI parameters (eg, fractional anisotropy) do not reveal specific microstructural features in individual tissues.
We used neurite orientation dispersion and density imaging (NODDI), a model-based analytical method for multishell diffusion MRI 4 that assesses quantitative parameters directly reflecting brain microstructures, to identify specific microstructural changes in MMD. The intracellular volume fraction (Vic) reflects the axon density in the white matter and dendrite density in the cortex, and the orientation dispersion index (OD) reflects the dispersion (ie, network complexity) of axons in the white matter and dendritic processes in the gray matter. These parameters correlate with histological findings 5, 6 and have been widely applied to evaluate neurological disorders such as stroke. 
MRI Protocol
Diffusion-weighted images were acquired using a fat-saturated single-shot echo planar imaging sequence (b values and axes=0, 700: 30 axes, 2850: 60 axes), as well as a 3-dimensional T1 weighted image. The acquired diffusion data were fitted to the NODDI model using the NODDI MATLAB toolbox (https://www.nitrc.org/projects/ noddi_toolbox/).
Statistical Analysis
Whole-brain NODDI parameters were compared in a voxel-byvoxel analysis between patients with MMD and controls using a 2-sample t test, and the relationships between NODDI and Wechsler Adult Intelligence Scale-III scores were investigated by a multiple regression model using SPM12 (http://www.fil.ion.ucl.ac.uk/ spm/software/spm12/). Age, sex, and total brain volume were set as covariates. A cluster-forming threshold of P<0.001 with a family-wise error correction was regarded as statistically significant. Correlations between the values of regions exhibiting significant differences and neurocognitive scores were evaluated, and P<0.05 was regarded as statistically significant. Details of the methods, results and supplemental analyses are available in the online-only Data Supplement, and the full dataset is available from the corresponding author on reasonable request.
Results
Compared with normal controls, MMD patients exhibited significantly lower Vic, mainly in the white matter, and a lower OD, mainly in cortical areas, such as the cingulate cortex ( Figure 1 ).
Significant positive correlations between neurocognitive scores related to nonverbal task performance and Vic in the white matter and OD in the cortex, mainly in the posterior part of the brain, were observed ( Figure 2) . Overall, Processing Speed Index (PS) exhibited the strongest correlation with Vic in the white matter of the left hemisphere and remained significant even after adding educational experience and estimated disease duration as covariates ( Figure I in the online-only Data Supplement).
Significant correlations were also observed between neurocognitive performance and Vic and OD values for regions displaying group differences when both the patients with MMD and controls were analyzed together (Figure 3 ; absolute r=0.37-0.64; P<0.01).
Discussion
Chronic ischemia in MMD may decrease the axon density in the white matter and dendrite density in the cortex (Vic) and simplify network complexity (OD), consistent with the results from animal studies showing that chronic ischemia reduces the number of axons in the white matter, and dendrites, dendritic spines, and branches in the cortex. 8 OD was decreased mainly in cortical regions, such as the cingulate cortex, where a loss of volume was observed in MMD patients in a previous study 3 but not in our patients (Supplemental Analysis in the online-only Data Supplement). OD might recognize a reduction in dendritic processes before volumetric changes in the cortex are detected. 
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In this study, PS exhibited the strongest correlation with white matter neuronal density (Vic). Because white matter is more vulnerable to the ischemic burden than the cortex 8 and PS is sensitive to the degree of injury in white matter diseases, 10 PS might be the most sensitive to the ischemic disease burden of MMD.
Both the whole-brain and regional value analyses suggested that task performance correlated with the neuronal density (Vic) and network complexity (OD) in the posterior part of the brain, as well as, or even stronger than, in the frontal regions. The majority of neuropsychological batteries used in this study measured executive function, the process displaying the greatest impairment in MMD and associated with not only frontal lobes but also temporoparietal regions. 11 Considering that posterior cerebral artery lesions and the medial occipital lobe are associated with low neurocognition, 12,13 the posterior part of the brain may protect against neurocognitive dysfunction until the posterior circulation is affected. Surgical revascularization to restore hemodynamic impairments in the posterior part of the brain might protect patients from neurocognitive dysfunction.
The significant correlations between neurocognitive performance and microstructural parametrical values for regions displaying group differences were attenuated when patients and controls were analyzed separately. This may be the result of individual differences where ischemic microstructural damage and neurocognitive performance correlated best among patients, and such individual differences could be weakened by the wide variety of parametrical values and neurocognitive performances when both patients with MMD and controls were analyzed together. Further accumulation of participants may lead to more accurate correlations and, eventually, enable prediction of neurocognitive dysfunction from regional microstructural parameters unaffected by individual differences.
Limitations of our study include the small number of participants and the heterogeneity in clinical presentations, as well as the lack of neurocognitive batteries measuring memory and visuospatial tasks. Further evaluations of a larger population and patients with non-MMD cerebrovascular diseases, and explorations of whether microstructural changes are reversible after surgical revascularization are warranted to establish the clinical value of NODDI for evaluating neurocognitive dysfunction in patients with MMD.
Conclusions
NODDI revealed the presence of microstructural ischemic damage in the normal-appearing brain parenchyma in adult MMD. A correlation between NODDI and neuropsychological performance suggests that PS is highly sensitive to the ischemic burden and the posterior part of the brain is important for neurocognitive functions. Surgical revascularization to reverse hemodynamic impairments in the temporo-parietooccipital regions may be required in patients with MMD to protect against neurocognitive dysfunction.
